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Fibroblast growth factor (FGF) has been implicated in a variety of developmental processes including posterior mesoderm
and neural patterning. Previous work has led to contradictory roles for FGF in neural induction and anteroposterior neural
patterning. Launay et al. (Development 122, 869–880, 1996) suggested a requirement for FGF in anterior neural induction.
n contrast, Kroll and Amaya (Development 122, 3173–3183, 1996) and Bang et al. (Development 124, 2075–2085, 1997)
roposed that FGF is not required for early neural patterning. Here we use a loss-of-function assay to examine whether FGF
s required for neural patterning in three experimental situations: (i) in Xenopus early embryos, (ii) in embryonic explants
onsisting of presumptive dorsal mesoderm and neurectoderm (Keller explants), and (iii) in explants of dorsal ectoderm and
osterior mesoderm in which FGF signaling is specifically blocked in the ectoderm. When cultured until tailbud stages,
eller explants develop neural tissue with normal anteroposterior pattern. Overexpression of the dominant-negative FGF
eceptor (XFD) in Keller explants inhibited the posterior neural markers En-2, Krox-20, and HoxB9, but not the panneural
arker nrp-1 and the anterior neurectodermal markers XAG-1 and Xotx-2. Similar results were seen in whole embryos, but
nly when XFD RNA was targeted to both the dorsal and lateral regions. In contrast, addition of FGF to Keller explants
esulted in a shift of the midbrain–hindbrain boundary marker En-2 to a more anterior position normally fated to become
ement gland. We also determined whether FGF is required specifically by the neurectoderm for anteroposterior neural
atterning. Recombinants of dorsal ectoderm and posterior mesoderm were made in which FGF was specifically blocked in
he ectoderm. Spinal cord and hindbrain markers were inhibited in these recombinants, whereas anterior markers and
ement gland development were enhanced. Our results demonstrate that FGF is important for posterior development in
oth mesoderm and neurectoderm and that neural induction and posteriorization represent separable developmental
vents. © 1999 Academic Press
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aINTRODUCTION
Anteroposterior patterning of the vertebrate nervous sys-
tem is dependent on signals from the organizer, a special
region above the dorsal blastopore lip which is capable of
inducing a secondary dorsal axis when transplanted to the
ventral side of a host embryo (Spemann and Mangold, 1924).
During gastrulation, signals from the organizer and dorsal
mesoderm induce ectoderm to form neural tissues. The
type of anterior or posterior neural tissue that forms de-
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lecular Pharmacology, Harvard Medical School, 240 Longwood
Ave., Boston, MA 02115. E-mail: tamara@bcmp.med.harvard.edu.s
s
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296ends on the anteroposterior level of the mesoderm
Mangold, 1933; Sharpe and Gurdon, 1990; Saha and
rainger, 1992). To explain how anteroposterior neural
attern is established, Nieuwkoop (1952) proposed that two
ignals arise from the mesoderm. The first, “neuralizing”
ignal, induces only anterior neural tissue (forebrain). The
econd, “posteriorizing” signal, converts already neuralized
issue to more posterior neural tissues (midbrain, hind-
rain, spinal cord). The second signaling factor may be
istributed in a gradient with the highest levels coming
rom the most posterior mesoderm. Saxen and Toivonen
1961) proposed a separate model in which the two signals
re distributed in opposing gradients, with the neuralizing
ignal highest in anterior regions, and the posteriorizing
ignal highest in posterior regions.
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
1297FGF and Neural PatterningSeveral molecular candidates for the neuralizing signal
such as noggin, follistatin, chordin, Cerberus, and FGF were
identified (reviewed by Wilson and Hemmati-Brivanlou,
1997), based on their ability to induce anterior neural tissue
in animal cap ectoderm and their expression within the
organizer. Specific candidates for the posteriorizing signal
have also been proposed (reviewed by Doniach, 1995) and
include FGF (Cox and Hemmati-Brivanlou, 1995; Lamb and
Harland, 1995), members of the Wnt family (McGrew et al.,
996, 1997; Itoh and Sokol, 1997; Fredieu et al., 1997), and
retinoic acid (Durston et al., 1989; Sive and Cheng, 1991;
Blumberg et al., 1997). These factors are present in regions
of the embryo which are involved in posterior development
(Christian and Moon, 1993; Ku and Melton, 1993; Isaacs et
al., 1992; Chen et al., 1994; Creech Kraft et al., 1994) but
precisely what role each plays in neural patterning is not
well understood.
FGF has potent mesoderm inducing properties in Xeno-
pus animal caps (Slack et al., 1987; Kimelman et al., 1991)
and is required for posterior mesoderm and convergent
extension movements (Amaya et al., 1991, 1993; Pownall et
al., 1996). These activities together with the ability of
soluble FGF to induce neural tissue in Xenopus animal cap
ectoderm (Lamb and Harland, 1995; Kengaku and Okamoto,
1993, 1995) and in chick epiblast (Storey et al., 1998;
Alvarez et al., 1998) and to convert anterior neural tissue to
more posterior neural cell types (Cox and Hemmati-
Brivanlou, 1995; Lamb and Harland, 1995) implicate FGF in
a variety of developmental events.
Although the ability of FGF to posteriorize neural tissue
has been well established, loss-of-function studies employ-
ing a dominant-negative FGF receptor (XFD) have been
contradictory. Launay et al. (1996) suggested that FGF is
required for anterior neural induction since overexpression
of XFD RNA in animal caps blocked neuralization by
noggin and by signals from the organizer. However, in
whole embryos, they did not find a significant reduction in
expression of the neural marker, N-CAM. Two other groups
(Kroll and Amaya, 1996; Bang et al., 1997) proposed that
inhibition of FGF signaling in the ectoderm has no detect-
able effect on either neuralization or posterior neural pat-
terning. In embryos expressing XFD RNA and in transgenic
embryos expressing zygotic XFD, Kroll and Amaya (1996)
were unable to reveal a role for FGF in either neuralization
or posterior neural patterning. Similarly, Bang et al. (1997)
showed that anterior and posterior neural induction in
animal caps by noggin and by signals from chick Hensen’s
node are not dependent on FGF signaling. It is possible that
differences in technical approach were responsible for these
inconsistent and incompatible results. Consequently, to
date, the distinct neuralizing and posteriorizing activities of
FGF have not been adequately resolved by complementary
loss-of-function approaches.
Here we utilize Xenopus embryos and various embryonic
explants (Saha and Grainger, 1992; Keller, 1991; Doniach et
al., 1992) with the goal of resolving whether FGF is required
for neuralization, posteriorization, or both. “Keller ex-
Copyright © 1999 by Academic Press. All rightplants,” consisting of a continuous strip of tissue contain-
ing the organizer and dorsal ectoderm, were employed
because they allow easy analysis of anteroposterior neural
development (Keller et al., 1991). We examined the conse-
quences of removing inductive signals in Keller explants by
tissue ablation and by interference with FGF signaling. Our
results demonstrate that FGF signaling is required for
posterior neural patterning in explants and intact embryos.
We also show that FGF signaling is not necessary for neural
induction or anterior neural tissue patterning. Furthermore,
in cocultures of dorsal ectoderm and posterior mesoderm,
we demonstrate that FGF signaling is required specifically
in the ectoderm for anteroposterior neural patterning. Our
findings support Nieuwkoop’s model for neural patterning
and identify FGF as an essential posteriorizing factor.
METHODS
Xenopus Embryos and Explants
Albino and pigmented Xenopus laevis embryos were obtained
and dejellied, then cultured overnight at 13°C in 0.13 MMR
solution as previously described (Peng, 1991). Embryos were staged
according to Nieuwkoop and Faber (1967).
To prepare Keller explants, stage 10-minus albino embryos were
selected according to Poznansky and Keller (1997) and stained in
0.02% Nile blue in Danilchik’s medium (Peng, 1991). A transverse
slit was made in the extreme animal pole of a stage 10-minus
gastrula with eyelash knives. Two vertical cuts were made on
either side of the dorsal lip, subtending an angle of about 60°. These
were extended to the first cut. A last cut just above the bottle cells
separated the explant from the embryo. Deep cells adhering to the
organizer were removed with eyelash knives. Explants were placed
under siliconized coverslips which had a small amount of vacuum
grease at each corner and cultured as flat tissue pieces. When
sibling embryos reached the desired stage, explants were fixed with
MEMFA (Peng, 1991). All operations and culturing were carried out
in Danilchik’s medium with 0.05% gentamicin. In some experi-
ments, explants were cultured overnight in 10 ng/ml Xenopus basic
FGF (Kimelman et al., 1991).
Dorsal ectoderm was cultured with posterior mesoderm as
previously described (Hemmati-Brivanlou et al., 1990). Embryos at
the two-cell stage were injected with either XFD or d50 mRNA at
the animal pole and in the dorsal animal quadrant of both blas-
tomeres (four injection sites, a total of 4 ng of RNA per embryo).
Dorsal ectoderm was isolated from these injected embryos at stage
10. Posterior mesoderm was obtained from uninjected stage 12
gastrulae.
Lineage Tracing Using DiI, Nile Blue, and Glass
Beads
Labeling of cells with DiI (Molecular Probes) was performed as
described by Selleck and Stern (1992) and visualized using a
fluorescence microscope fitted with a double filter for fluorescein
and rhodamine. Stage 10-minus embryos were placed in 0.53 MMR
and the fertilization membranes were removed. Dye was applied to
the surface of the embryos by microinjection. Embryos were then
transferred to wells made in 2% agar in 0.13 MMR and cultured
overnight until tailbud stages. In some fate mapping experiments,
s of reproduction in any form reserved.
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298 Holowacz and Sokolcells of intact embryos were marked with Nile blue instead of DiI
(Sive et al., 1995). For marking explants, glass beads were placed in
he region to be followed (Poznanski and Keller, 1997). The beads
ormed a small hole which could be visualized after staining.
In Situ Hybridization
Staining for neural markers was carried out using the whole
mount in situ hybridization protocol of Sive et al. (1995). To keep
track of individual explants, they were placed in marked “baskets”
made from pieces of 4- or 8-mm-diameter polypropylene tubing and
nylon mesh (see Sive et al., 1995). Explants were treated with 2
mg/ml proteinase K (Boehringer Mannheim) for 15 min, while
embryos were treated for 30 min. Two-color in situ hybridization
was performed based on Doniach and Musci (1995). Neural markers
were detected using digoxigenin-labeled RNA probes, while ce-
ment gland was detected with a fluorescein-labeled XAG-1 RNA
probe (Sive et al., 1989). Digoxigenin was detected using alkaline
phosphatase-conjugated anti-digoxigenin antibodies (Boehringer
Mannheim) and BCIP and NBT substrates. The alkaline phospha-
tase was inactivated with 0.1 M glycine, pH 2.0, for 45 min. Then
fluorescein was detected using alkaline phosphatase-conjugated
anti-fluorescein antibodies (Boehringer Mannheim) and BCIP sub-
strate alone.
The markers used in this study were XAG-1 (Sive et al., 1989),
En-2 (engrailed-2; Hemmati-Brivanlou et al., 1990), Krox-20 (Brad-
ley et al., 1991), HoxB9 (also called XlHbox-6; Wright et al., 1990),
Xotx-2 (Pannese et al., 1995), nrp-1 (Knecht et al., 1995), gsc (Cho
et al., 1991), Xbra (Smith et al., 1991), and Xnot (von Dassow et al.,
993).
RNA Synthesis and Microinjection
Capped synthetic mRNAs were generated by in vitro transcrip-
tion from plasmids containing coding sequences for a dominant-
negative FGF receptor (XFD) or a control mutant receptor (d50;
Amaya et al., 1991) using the Megascript RNA transcription kit
(Ambion). Two-cell embryos were transferred to 3% Ficoll 400 in
0.53 MMR and blastomeres were injected in several places as
escribed under Results. Each injection pulse was 4–5 nl (0.2–0.4
g/nl of RNA). After injection, embryos were cultured in 0.13
MMR. Some embryos were used for the isolation of Keller explants,
dorsal ectodermal explants or dorsal marginal zone (DMZ) explants
as described above.
RT–PCR Analysis
Reverse transcriptase-mediated polymerase chain reaction (RT–
PCR) was carried out as described on pooled explants and embryos
(Itoh and Sokol, 1997). Oligonucleotide primer sets included nrp-1
(Lamb and Harland, 1995), Xotx-2 (upstream, 59-GAG GCC AAA
ACA AAG TGA GA-39; and downstream, 59-ACA GTC CAT ACC
CC AAA G-39), and XAG-1 (upstream, 59-GGT TGA TGT TAC
TC CCC AGA GCA G-39; and downstream, 59-GGG AAG TAA
AT CAA ACA AAG CAA CCA-39). The conditions for PCR were
s follows: 1 cycle at 94°C for 4 min; 25 cycles of 93°C for 1 min,
5°C for 1.5 min, and 72°C for 1 min; and then 1 cycle at 72°C for
min. For EF-1a and muscle actin, 21 cycles were used instead of
25. For En-2 and Krox-20, 30 cycles were used.
a
a
Copyright © 1999 by Academic Press. All rightRESULTS
Neural and Mesodermal Patterning in Keller
Explants
To understand the role of FGF in neural patterning we
used Xenopus embryos and open-faced Keller explants
which are known to develop anterio–posterior neural pat-
tern after culture (Doniach et al., 1992). Because we were
nterested in seeing the role of FGF in determining neural
ell fate we first mapped the fate of cells within the explant.
e also examined the expression of neural markers (Xotx-2,
rox-20) and early mesodermal markers (Xbra, Xnot, gsc)
hich have not been previously determined in open-faced
xplants. The pattern of mesodermal markers at early
astrula stages could be used to identify precisely which
egions of the explant release neural patterning signals.
To determine whether anterior neural cell fate in these
xplants resembles that seen in intact embryos, cells in the
enter of the explants were marked and the location of
eurectodermal markers relative to the center was deter-
ined (Fig. 1). XAG-1 and En-2 expression patterns were
onitored to identify cement gland cells and the midbrain–
indbrain boundary, respectively. The center of the explant
orresponded to the midpoint between the upper pole of the
arly gastrula (stage 10-minus) and the bottle cells, along
he dorsal midline. When the same cells were marked in an
ntact embryo using DiI or Nile blue lineage tracers, their
rogeny occupied a region within the forebrain area be-
ween the eyes (33/49, i.e., 33 of 49 embryos; Fig. 1B) or in
he cement gland region (9/49; remaining embryos were
tained in posterior neural regions, 7/49). Lineage tracers
re not easily detectable following in situ hybridization.
herefore a glass bead was used to mark the center of an
xplant leaving a small hole in the explant (Fig. 1C). At the
ailbud stage, the position of the hole faithfully represented
he location of the “central cells” since it could be colocal-
zed with DiI-stained central cells (all explants, n 5 6). In
eller explants stained for XAG-1 and En-2, the bead-
arked region was found either in a region just posterior to
AG-1, corresponding to the forebrain (13/24; Figs. 1D and
E), or in the XAG-1 region itself (10/24). In the one
xceptional case the bead was in the nonneural ectodermal
ortion of the explant. These results demonstrate that
nterior cell fate in explants resembles that in whole
mbryos.
In addition to cement gland and En-2, other neural and
esodermal markers were expressed in Keller explants
ultured until the tailbud stage (Fig. 2). In agreement with
oniach et al. (1992), we found expression of Krox-20
rhombomeres 3 and 5 in the hindbrain: Figs. 2A and 2E) and
oxB9 (spinal cord: Figs. 2B and 2F) in more posterior
egions of the explants, as well as expression of a panneural
arker (nrp-1: Figs. 2C and 2G). Xotx-2 is an anterior
esoderm as well as an anterior neural marker (Pannese etl., 1995; Blitz and Cho, 1995). We found Xotx-2 expression
s early as stage 10-minus as a band at the lower vegetal
s of reproduction in any form reserved.
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299FGF and Neural Patterningmargin of the explants, just above the bottle cells (data not
shown). In embryos, these cells will involute into the
blastocoel and give rise to head mesoderm. This mesoder-
mal expression was maintained in explants which had been
aged and fixed at gastrula and neurula stages. A second band
of Xotx-2 was observed after stage 12 (early neurula) in the
neural portion of the explant (not shown). When a glass
bead was placed in the center of an explant, it later occupied
the Xotx-2-staining region (15/15; Figs. 2D and 2H), sup-
porting our observation that the center is fated to form
anterior neural tissues.
The localization of Xotx-2 to presumptive anterior meso-
derm prior to the initiation of gastrulation movements
suggested that anterior–posterior patterning of the meso-
derm was already underway. Another marker for anterior
mesoderm, goosecoid, was also localized to the lower mar-
gin of the explant (Figs. 2I and 2J). In contrast, posterior
mesodermal markers Xbra and Xnot were found as bands in
more interior regions of the explants, with Xnot farthest
away from the lower margin. These interior cells involute
after the anterior mesoderm in an intact embryo (Keller,
1991). Therefore, anterior and posterior mesoderm were
already specified at the early gastrula stage and are confined
to the lower one-third of the explant.
The Organizer Region Is Required for Neural
Pattern in Keller Explants and Is Specified
to Form Posterior Neural Tissue
To evaluate the role of prospective mesoderm in antero-
posterior neural patterning, the lower one-third of the
explant, containing the mesoderm, was removed. Induction
of several neural markers was substantially lost in the
remaining (ectodermal) portion of the explants (Figs. 3A–3E)
as indicated by the loss of several neural markers: XAG-1
(15/98, i.e., only 15 of 98 explants were positive for XAG-1),
Xotx-2 (1/14), En-2 (1/36), Krox-20 (6/28), HoxB9 (3/34), and
nrp-1 (0/14). This compares with the expression of each of
these markers in at least 85% of control intact explants (as
described, Fig. 2; n 5 14 to 128).
FIG. 1. Anterior neural markers occupy the same position in ex
0-minus gastrula. A point in the dorsal midline, at the midpoin
asterisk). Blue lines indicate outline of representative Keller explan
ellow cells) occupies the face plate, between the eyes and posterio
C) Marking the same region in explants using a glass bead (gb). (D
nd the midbrain–hindbrain boundary (En-2). The glass bead left a h
nd XAG-1 in stage 23 embryo (face view).
IG. 2. Keller explants express neural and mesodermal markers w
rrows: Krox-20 for hindbrain; HoxB9 for spinal cord; nrp-1 for p
AG-1) in explants (A–D) and whole embryos (E–H). All explants a
t stage 15. bp, blastopore. (D) Note both mesodermal (m) and neur
n situ hybridization resulted in a brown-staining product (D,H) buesodermal markers in stage 10-minus explants (I, red arrows) and stag
dge of the explant, while more posterior markers (Xbra, Xnot) are foun
Copyright © 1999 by Academic Press. All rightThe dorsal mesoderm portion of the explant (i.e., the
portion that was removed) was found to express neural
markers nrp-1 (8/8; Fig. 3D) and HoxB9 (30/31; Fig. 3C) at
the distal end. The incidence of more anterior neural
markers, however, was greatly reduced (Fig. 3B; XAG-1,
1/87; En-2, 5/32; Krox-20, 5/24). Xotx-2 was found in this
lower portion (10/10; stage 15; Fig. 3E) but we believe that
this expression represents anterior mesoderm (Fig. 2D)
based on the lack of overlap between regions positive for
Xotx-2 and nrp-1 (compare Figs. 3E and 3D).
In summary, we have shown that proper anteroposterior
neural patterning in Keller explants requires signals from
the lower one-third of the explants, and that this region is
specified to give rise to mesodermal and posterior neural
tissues.
Blocking FGF Signaling Eliminates Posterior
Neural Development
To determine the role of FGF in anteroposterior neural
patterning in Keller explants we decided to block FGF
signaling by a dominant negative FGF receptor (XFD;
Amaya et al., 1991, 1993). It has been well established that
overexpression of a dominant-negative FGF receptor (XFD)
causes deficiencies in posterior mesoderm development,
gastrulation movements, and convergent extension (Amaya
et al., 1991, 1993; Pownall et al., 1996) but studies of its
effect on neural patterning have hitherto been contradictory
(see Introduction). One report suggests a dependence on
FGF signaling for anterior neural development (Launay et
al., 1996), while others were unable to find a role for FGF in
either anterior or posterior neural patterning (Kroll and
Amaya, 1996; Bang et al., 1997).
XFD or control d50 mRNA was injected into the dorsal
side of two-cell embryos at four locations (two animal and
two vegetal sites, total of 4 ng RNA per embryo; Fig. 4A).
The XFD-injected embryos typically developed an open
blastopore (Fig. 4C) and deficits in somitic muscle actin
(data not shown; Amaya et al., 1991, 1993). Whole embryos
expressed both En-2 and XAG-1 regardless of whether XFD
ts as in intact embryos. (A) Fate of ectodermal cells in the stage
ween the bottle cells and the animal pole, was stained with Di-I
) In tailbud embryos (face view, stage 27), the marked point (arrow,
the cement gland. e, eyes; cg, cement gland; ncz, nonciliated zone.
lant at tailbud stage (stage 23) stained for cement gland (XAG-1),
n the explant (gb) posterior to cement gland. (E) Expression of En-2
orrect anterior–posterior patterning. (A–H) Neural markers (green
ural; Xotx-2 for forebrain) and cement gland marker (red arrows,
mbryos stained at stage 22 except for D and H which were stained
pression (n) of Xotx-2 and location of glass bead (gb). Occasionally,
reason for this variation is not understood. (I,J) Expression of earlyplan
t bet
t. (B
r to
) Exp
ole i
ith c
anne
nd e
al ex
t thee 10.5 gastrulae (J). I. Anterior mesoderm (gsc) occupies the lower
d in the interior. Dots in J indicate dorsal lip.
s of reproduction in any form reserved.
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302 Holowacz and Sokolor d50 RNA was injected (XFD, 44/44; d50, 23/23; Figs. 4B
and 4C). Control (d50-expressing) Keller explants elongated
and expressed both En-2 and XAG-1 (n 5 8; Fig. 4D). In
ontrast, explants in which FGF signaling was blocked
ailed to elongate or express En-2 (n 5 11; Figs. 4E–4G).
Interestingly, XAG-1 was expressed in a band across the
middle of these explant at the same level that it had formed
in control explants, indicating that anterior neural cell fate
was not affected (Figs. 1 and 2). The XFD-injected explants
also showed loss of other posterior neural markers (Krox-20,
1/13, data not shown; HoxB9, 0/11; Fig. 4F), but expressed
Xotx-2 (9/12, Fig. 4G) and nrp-1 (11/11, data not shown).
Almost all of control d50 explants (90–100%) showed
normal expression of all markers tested (for each marker,
n 5 8 to 14 explants were tested). Glass beads that had been
laced in the centers of each of the explants showed that the
nterior markers were located in similar areas for both
FD- and d50-injected explants (Figs. 4F and 4G). These
bservations show that FGF signaling is required for poste-
ior, but not anterior neural patterning of Keller explants.
To explain the observed lack of effect of XFD on posterior
eural development in whole embryos (Fig. 4C), we exam-
ned the possibility that lateral ectodermal regions, outside
he borders of the explants, were responsible for the rescue
f posterior neural tissue in whole embryos. Our lineage-
racing analysis using the vital stains DiI and DiO shows
hat both midline and lateral cells contribute to posterior
eural structures (data not shown). During gastrulation,
ells from lateral regions of the embryo are known to
onverge to the dorsal midline (Keller, 1975; Keller et al.,
992). Therefore, we attempted to block FGF signaling in
oth dorsal and lateral regions of intact embryos. XFD or
50 RNA was injected into six sites of two-cell embryos as
hown (Fig. 5A). These injection sites comprise the four
ites in the dorsal midline (Fig. 4A), plus two additional
FIG. 3. The organizer region is required for neural pattern in Keller
ectoderm. dm, dorsal mesodermal portion (A) Experimental schem
portion of Keller explants. Distribution of XAG-1 (B–D), En-2 (B), Ho
were not expressed in the ectodermal portions, while only spinal cor
in the fragment containing dorsal mesoderm.
FIG. 4. A dominant-negative FGF receptor (XFD) inhibits poste
midline at the two-cell stage (4 injection sites, total of 4 ng RNA p
arrow, En-2. Red arrow, XAG-1. (C) XFD-injected embryo expresses
explants express cement gland and En-2. (E) Explants isolated from
F and G were obtained from embryos injected with RNA in the dor
an asterisk. Black arrows indicate glass bead that was placed in the
and HoxB9 (green arrows). XFD explants (*) do not express HoxB
expressed in explants. All explants were stained at stage 22, excep
FIG. 5. Lateral and dorsal injections of XFD lead to loss of poster
by an asterisk. (A) Injection scheme (4 dorsal and 2 lateral injectio
control d50 RNA (arrow, En-2; light blue stain, XAG-1). (C) XFD-in
embryos on one side (middle embryo) or entirely (right embryo). (E)
side (lower right embryo). (F) nrp-1 (arrows) throughout nervous syst
(*). (G) Xotx-2 expression in forebrain regions is maintained in XFD embr
causing condensation of the neural plate. As a result, the expression do
Copyright © 1999 by Academic Press. All rightites on the sides of the embryo, in lateral regions just above
he equator (total of 8 to 10 ng RNA per embryo; Fig. 5A).
hile control (d50) embryos had normal neural marker
xpression, a large number of those injected with XFD lost
osterior neural markers En-2, Krox-20, and HoxB9 com-
letely (Figs. 5B–5F; Table 1). Occasionally, these markers
ere lost only on one side, which may reflect some failure
o inhibit FGF signaling entirely. However, if expression
ants and is itself specified to form posterior neural tissue. de, dorsal
–E) Explants with dorsal mesoderm removed from the ectodermal
(C), nrp-1 (D), and anterior mesodermal Xotx-2 (E). Neural markers
panneural (C,D) and anterior mesoderm markers (E) were detected
eural development in explants. (A) RNA injection in the dorsal
bryo). (B) Control d50-injected embryo at the tailbud stage. Black
-1 and En-2. Note lack of blastopore closure. (D) Control (d50 RNA)
embryos lack En-2. Cement gland develops normally. Explants in
idline and lateral regions. XFD-expressing explants are marked by
r of the explant. (F) Control explants express XAG-1 (white arrow)
though they do have cement gland. (G) Xotx-2 (white arrows) is
s in G, which were stained at stage 15.
ut not anterior neural markers. XFD-injected embryos are marked
s, total of 8–10 ng of RNA per embryo). (B) Embryo injected with
d embryo lacks En-2 but retains XAG-1. (D) Krox-20 is lost in XFD
B9 spinal cord marker is lost entirely (lower left embryo) or on one
ead and spinal cord) in control, and in head region of XFD embryos
TABLE 1
Neural Marker Expression in Embryos Expressing XFD or d50
throughout Dorsal and Lateral Regions
Marker
Expression on No
Expression
(%) NBoth sides (%) On one side (%)
XFD
XAG-1 89 n.a. 11 38
Xotx-2 77 n.a. 23 22
nrp-1 82 n.a. 18 22
En-2 18 37 45 38
Krox-20 16 43 41 37
HoxB9 4 48 48 33
d50
XAG-1 96 n.a. 4 28
Xotx-2 100 n.a. 0 25
nrp-1 100 n.a. 0 28
En-2 96 0 4 28
Krox-20 100 0 0 21
HoxB9 100 0 0 22
Note. Numbers represent a percentage ratio of embryos express-
ing a marker compared to the total number of injected, stained
embryos. n.a., not applicable, indicating that expression was in the
midline of the embryo.expl
e. (B
xB9
d and
rior n
er em
XAG
XFD
sal m
cente
9, al
t one
ior b
n site
jecte
Hox
em (hyos (*). In XFD-injected embryos, convergent extension is inhibited
mains of nrp-1 and Xotx-2 become spatially restricted (F,G).
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303FGF and Neural Patterningpersisted, it was often reduced compared to control em-
bryos (Figs. 5D and 5E). Cement gland (XAG-1), panneural
(nrp-1), and forebrain (Xotx-2) markers were maintained in
the anterior regions (Figs. 5C, 5F, and 5G; Table 1).
Posterior neural development is clearly lost provided that
XFD is expressed in both midline and lateral ectodermal
regions of the embryo. In this and previous studies employ-
ing dorsally restricted injections of XFD RNA (Kroll and
Amaya, 1996; Godsave and Durston, 1997), residual poste-
rior neural development was most likely due to the persis-
tence of FGF signaling within lateral regions.
RT–PCR Analysis of Neural Marker Expression
in Embryos and Dorsal Marginal Zone
Explants Expressing XFD
RT–PCR was used to confirm that a dorsal inhibition in
FGF signaling is insufficient for loss of posterior neural
marker expression, while dorsal plus lateral inhibition does
prevent posterior neural gene expression. When XFD RNA
injection was targeted only to the dorsal midline (a total of
4 ng per embryo, as shown in Fig. 4A), neural markers were
expressed normally, despite the loss of muscle actin (Fig.
6A, lane 1). If, however, the injection was targeted to both
dorsal and lateral regions (total of 8 to 10 ng per embryo, as
shown in Fig. 5A), a dramatic loss in posterior neural
markers was observed, while anterior neural markers were
expressed normally (Figs. 6A and 6B, lanes 3 and 6). Control
embryos injected with d50 RNA had normal muscle and
neural marker expression (lanes 2, 4, and 7). Based on our
results with Keller explants, dorsal marginal zone (DMZ)
explants, consisting of the organizer and a small portion of
supramarginal zone ectoderm, are expected to form all but
the most anterior neural tissues. We found a loss of poste-
rior neural markers in DMZ explants expressing XFD
compared to controls (Fig. 6B, lanes 8 and 9). Moreover, we
observed an increase in Xotx-2 and XAG-1 expression,
while the amount of nrp-1 RNA remained the same.
The expression of XAG-1 in control DMZ explants as
detected by RT–PCR was unexpected based on the lack of
visible cement glands in the explants. Therefore, several
DMZ explants were double-stained by in situ hybridization
to determine the spatial distribution of En-2 and XAG-1
(Figs. 6C and 6D). While very few d50-expressing explants
showed a well-developed cement gland (XAG-1 staining, 1
of 20 explants), they did often show expression of En-2
(14/20; Fig. 6C). Expression of XAG-1 (as well as Xotx-2 and
nrp-1), detected in these explants by RT–PCR, may reflect a
dorsal ectodermal contribution (see also Lamb and Harland,
1995). DMZ explants injected with XFD had an increased
incidence of XAG-1-expressing cells (17/20; Fig. 6D), while
comparatively few expressed En-2 (5/20).
In summary, these results show that blocking FGF sig-
naling in DMZ explants leads to anteriorization of neural
tissue and that FGF is important for posterior neural devel-
opment.
Copyright © 1999 by Academic Press. All rightAddition of FGF to Keller Explants Leads to
Posteriorization of Neural Tissue but Does
Not Expand the Neural Plate
To complement experiments in which we blocked FGF,
the effect of increased levels of soluble FGF on anteropos-
terior neural patterning in Keller explants was assessed.
Previous work has suggested that FGF can posteriorize
neural tissue (Lamb and Harland, 1995; Cox and Hemmati-
Brivanlou, 1995) and that it can also directly induce anterior
neural tissue in animal cap ectoderm (Lamb and Harland,
1995; Kengaku and Okamoto, 1995). We employed the glass
bead marking technique to follow the fate of central cells
which normally develop anterior neurectodermal tissues
(Figs. 1C and 1D). Evidence of posteriorization by FGF
would be apparent if expression of En-2 shifted from poste-
rior to anterior regions. If FGF is able to induce additional
neural tissue in Keller explants, then we would expect an
expansion, toward the animal pole, of the region expressing
the panneural marker, nrp-1. Explants cultured in control
medium until stage 22 showed expression of XAG-1 and
En-2 as described above (13/13; Fig. 7A) with the XAG-1
stripe either on or just ahead of the glass bead. Hence, the
glass bead occupied the region corresponding to the fore-
brain, well ahead of the region of En-2 expression. When
explants were treated with 10 ng/ml FGF, XAG-1 expres-
sion was lost from most of the explants (2/14 had XAG-1)
while En-2 was maintained (12/14; Fig. 7B). The band of
En-2 was regularly found in contact with the glass beads
(10/14), indicating that the center of the explant developed
more posterior neural tissue in response to FGF. When
explants were stained for a panneural marker (nrp-1) to
determine whether the field of neural tissue had changed
size in response to FGF (Fig. 7C), nrp-1 expression was
found in close contact with the glass beads for both controls
and FGF-treated explants (8/8 for both groups). Therefore,
FGF addition resulted in a shift of a posterior neural marker
toward the anterior region, but did not induce expansion of
the neural plate, supporting our previous observation sug-
gesting a requirement for FGF in posterior neural pattern-
ing, but not in neural induction.
FGF Signaling Is Specifically Required in the
Neurectoderm for Complete Anteroposterior
Patterning
We have shown that posterior neural tissues are lost
when XFD is expressed in both the mesoderm and ectoder-
mal portions of Keller explants. It is likely that posterior
mesodermal development was inhibited and, therefore, the
signal responsible for inducing posterior neural tissue was
also inhibited. To evaluate whether the neurectoderm re-
quires FGF for proper neural development, we made recom-
binants of ectoderm (i.e., the responding tissue) and poste-
rior mesoderm (i.e., the inducing tissue) in which FGF
signaling was specifically inhibited in the ectoderm
(Hemmati-Brivanlou et al., 1990). Explants of stage 10
dorsal ectoderm were taken from embryos expressing XFD
s of reproduction in any form reserved.
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per embryo) and cocultured with or without posterior
mesoderm from uninjected stage 12 embryos (Fig. 8). Stage
12 posterior mesoderm can induce posterior neural tissue
but does not itself express neural markers. Dorsal ectoderm
alone, in which d50 or XFD RNA was expressed, did not
contain significant amounts of neural tissue and had very
low levels of XAG-1 and Xotx-2 RNA. When posterior
mesoderm was added to d50-expressing dorsal ectoderm,
both anterior and posterior neural tissues formed. In con-
trast, when posterior mesoderm was cocultured with XFD-
expressing dorsal ectoderm, there was a complete loss of
FIG. 6. Posterior neural markers are lost when XFD is expressed th
lanes 2 and 4) were injected at the two-cell stage into either the do
er embryo) or into the dorsal and lateral regions (“D 1 L,” lanes
for RT–PCR was prepared from stage 27 embryos. Although inject
lane 1), loss of posterior neural markers (En-2; Krox-20, HoxB9) is on
(lane 3). EF-1a is a loading control. (B) RT–PCR analysis of embryos
zone (DMZ) explants were prepared from stage 10-minus gastrulae
markers and up-regulation of XAG-1 and Xotx-2 due to XFD RNA o
zone explants isolated from embryos that had been injected with co
XAG-1 (light blue).
FIG. 7. Addition of FGF posteriorizes neural cell fate in explants
found next to the location of a glass bead, that was placed in the ce
(En-2, red arrows, dark blue stain) in more posterior region. (B) In ex
occupies a region significantly closer to the glass bead. Cement g
explants stained for a panneural marker (nrp-1) show that FGF doeHoxB9, and a considerable decrease in Krox-20 expression.
Expression of En-2 was also sometimes decreased, but this
t
m
Copyright © 1999 by Academic Press. All rightas not consistent for all experiments. As indicated by the
xpression of nrp-1, the amount of neural tissue was un-
hanged. Interestingly, the expression of Xotx-2 was en-
anced indicating that FGF may function to inhibit fore-
rain development. This is in agreement with the
bservation that these recombinants had a much higher
requency of well-formed cement glands (16/18; data not
hown), compared to recombinants in which d50 was ex-
ressed in the ectoderm (3/18; data not shown). Posterior
esoderm alone expressed muscle actin. We conclude that
GF signaling is required within the neurectoderm for the
evelopment of the most posterior neural tissues such as
hout the marginal zone. (A) XFD RNA (lanes 1 and 3) and d50 RNA
regions (“D,” lanes 1 and 2; 4 injection sites, total of 6 ng of RNA
4; 6 injection sites, total of 8–10 ng of RNA per embryo). cDNA
f XFD in dorsal regions inhibits muscle actin expression (m-actin,
en when injection is targeted to both the dorsal and lateral regions
es 6 and 7) injected with RNA as in lanes 3 and 4. Dorsal marginal
ultured until stage 27 (lanes 8 and 9). Note loss of posterior neural
pression (lane 8). EF-1a is a loading control. (C,D) Dorsal marginal
d50 RNA (C) or XFD RNA (D) and stained for En-2 (dark blue) and
oes not expand the neural field. (A) XAG-1 staining (light blue) is
f the explant (black arrow). Midbrain–hindbrain boundary marker
s treated with 10 ng/ml basic FGF, En-2 (red arrow, dark blue stain)
s are frequently absent. (C) Control (left) and FGF-treated (right)
t alter the expand the border of neural tissue.roug
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305FGF and Neural PatterningDISCUSSION
Using Keller explants and whole embryos expressing a
dominant-negative FGF receptor (XFD RNA), we have
shown a dependence on FGF for posterior but not anterior
neural induction. Moreover, when targeted specifically to
the neurectoderm, XFD RNA inhibits posterior neural
tissue, while elevating the amount of anterior neural tissue.
Therefore, neural induction and specification of the antero-
posterior axis appear to occur as distinct and separable
developmental events. Not only do our results support the
two-signal model of anteroposterior neural patterning, but
they also demonstrate that FGF is required by the neurec-
toderm for posteriorization and that FGF may represent the
second signal proposed by Nieuwkoop (1952).
Our findings appear to contradict previous studies which
showed that XFD RNA had either no effect (Kroll and
Amaya, 1996) or weak effects (Godsave and Durston, 1996)
FIG. 8. FGF signaling is specifically required in the neurectoderm
for complete anterior–posterior neural patterning. Explants of dor-
sal ectoderm (DE) were prepared from stage 10-minus gastrulae that
had been previously injected with d50 or XFD RNA (4 dorsal
animal injection sites, total of 4 ng RNA per embryo). Posterior
mesoderm was obtained from stage 12 embryos. d50-injected
embryos express neural markers and muscle actin (lane 1). For
RT–PCR, cDNA was prepared from explants and embryos at stage
27. Embryos injected with XFD RNA express all neural markers,
but have a decrease in muscle actin (lane 2; note that XFD injection
was limited to the animal pole and dorsal midline). Uninduced
explants of dorsal ectoderm (XFD and d50) do not express signifi-
cant amounts of neural tissue (lanes 3 and 5). Posterior mesoderm
can induce dorsal ectoderm expressing d50 RNA to form neural
tissue of all anterior–posterior levels (lane 4). Blocking of FGF
signaling specifically in dorsal ectoderm (with XFD RNA) inhibits
the induction of spinal cord and hindbrain by posterior mesoderm
and enhances anterior development (lane 6). Posterior mesoderm,
cultured alone, forms muscle but not neural tissue (lane 7).on neural patterning in whole embryos. However, in both of
these earlier studies, RNA injection was limited to the
Copyright © 1999 by Academic Press. All rightorsal midline or animal pole (2 injection sites, total of 2–4
g RNA per embryo). Despite the more widespread injec-
ion scheme employed in this study (6 injection sites, total
f 8–10 ng RNA per embryo), the local concentration of
FD RNA is similar to that of previous studies (1.5 ng at
ach injection site). Since cells in the dorsal midline as well
s in lateral regions of the Xenopus gastrula are fated to
orm posterior neural and mesodermal tissues (Keller,
975), perhaps it is not surprising that we found it necessary
o target XFD to both the lateral regions and the dorsal
idline to abolish neural structures posterior to the mid-
rain. A similar role for dorsal midline and lateral (or
araxial) regions in posterior neural development is also
vident in zebrafish (Sagerstrom et al., 1996; Woo and
raser, 1997) and chick (Ensini et al., 1998) embryos.
The expression of XFD RNA in Keller explants may be
nalogous to placing ectoderm next to anterior mesoderm.
revious experiments in which anterior mesoderm was
laced next to ectoderm led to anterior as well as more
osterior neural induction. Saha and Grainger (1992) and
harpe and Gurdon (1990) found that anterior mesoderm
nduced “intermediate” neural markers. Our experiments
n Keller explants and whole embryos show that absence of
osterior mesoderm leads only to Xotx2 expression and no
ntermediate or posterior neural marker expression.
emmati-Brivanlou et al. (1990) demonstrated that anterior
notochord induced En-2, which the authors considered to
be an “anterior” neural marker. Our results show that En-2
and other more posterior neural markers can be inhibited by
removing FGF signaling from mesoderm and ectoderm.
In transgenic Xenopus embryos which express XFD in
every cell after the initiation of zygotic transcription,
muscle development was profoundly reduced, while poste-
rior neural development proceeded normally (Kroll and
Amaya, 1996). An early inhibition of maternal FGF recep-
tors, as achieved by the widespread injection of XFD RNA
employed in this study, is necessary to generate posterior
neural deficiencies. In contrast, muscle formation appears
to require FGF signaling both before and after gastrulation.
Therefore, the development of muscle and posterior neural
tissue may be regulated at different developmental stages.
An alternative possibility is that differential sensitivity of
muscle and neural tissue to XFD may reflect its effects on
distinct FGF receptors.
Previous reports have proposed a role for FGF in anterior
neural induction (Kengaku and Okamoto, 1993; Lamb and
Harland, 1995; Launay et al., 1996). However, some of these
studies (Kengaku and Okamoto, 1993; Lamb and Harland,
1995) involved cell dissociation or culture of animal cap
tissue in low calcium and magnesium media, conditions
which can lead to neuralization (Grunz and Tacke, 1989).
FGF may have potentiated any partial neuralization that
had already occurred. Launay et al. (1996) reported that FGF
signaling is required by ectoderm for neuralization in re-
sponse to neural inducing signals from the dorsal marginal
zone. It is unclear, however, why the dorsal marginal zone
itself did not develop neural tissue, as found in this study
s of reproduction in any form reserved.
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(1938, translated by Hamburger, 1996). It has been previ-
ously proposed that the response of animal caps to neural-
ization by noggin (Launay et al., 1996) or chordin (Sasai et
al., 1996), or by chick Hensen’s node (Launay et al., 1996) is
dependent on FGF signaling. However, the dependence on
FGF signaling for neural induction by noggin has not been
corroborated (see Bang et al., 1997). Furthermore, by block-
ing FGF signaling in explants and whole embryos, we have
demonstrated that FGF is not required for neural induction
by natural signals from the organizer. Moreover, addition of
FGF to Keller explants, while causing posteriorization of
neural tissue, did not expand the border of the neural field.
We have shown that FGF signaling is required for poste-
rior neural development in addition to its role in posterior
mesoderm development (Amaya et al., 1991, 1993). The
question remained whether FGF signaling is necessary in
the neurectoderm itself for the response to posterior meso-
derm. When we blocked FGF signaling in dorsal ectoderm
and cultured it in contact with posterior mesoderm, we
found losses in hindbrain and spinal cord markers, while
forebrain and cement gland development was enhanced,
indicating an overall shift from posterior to more anterior
neural tissue. A lack of effect of XFD on En-2 expression
suggests the presence of additional posteriorizing factors in
the ectoderm such as Xwnts (McGrew et al., 1995, 1997;
Fredieu et al., 1997), retinoic acid (Durston et al., 1989;
Blumberg et al., 1997), and/or other factors. When XFD was
expressed in DMZ explants, Keller explants, and whole
embryos, expression of En-2 was lost probably due to the
absence of posterior mesoderm and therefore a lack of
posteriorizing signals altogether.
Interestingly, posterior mesoderm induced both anterior
and posterior neural tissue (also see Sharpe and Gurdon,
1990). We interpret this result as follows: Ectoderm in
direct contact with the posterior mesoderm became poste-
rior neural tissue. Remaining ectoderm that was not as near
to the mesoderm may have been neuralized by homeoge-
netic induction, and developed into anterior neural tissue.
This result is probably analogous to Nieuwkoop’s homeo-
genetic neural induction experiments: When flaps of ecto-
derm were grafted to the blastoceol roof of gastrulating
embryos, they were induced to form anterior and posterior
neural tissue. Ectoderm situated more distally from induc-
ing mesoderm developed into anterior neural tissue (Nieuw-
koop, 1952).
A recent study employing Xenopus animal caps cocul-
tured with chick Hensen’s node examined the effect of
blocking FGF signaling on expression of Pax-3, a marker for
posterior neural tissue (Bang et al., 1997). Hensen’s node,
the equivalent of the amphibian organizer, can induce
Xenopus animal caps to form neural tissue (Kintner and
Dodd, 1991; Bang et al., 1997). When FGF signaling was
blocked in noggin-treated animal caps cocultured with
stage 5 Hensen’s node, Pax-3 expression was retained,
leading the authors to suggest that posterior neural pattern-
ing was not strictly dependent on FGF (Bang et al., 1997).
Copyright © 1999 by Academic Press. All rightOur recombinants of dorsal ectoderm and posterior meso-
derm showed that spinal cord and hindbrain development
require FGF signaling in the ectoderm, but that a marker for
the midbrain–hindbrain boundary (En-2) does not. Pax-3 is
expressed throughout posterior neural tissue, including
regions that overlap with and extend anteriorly from En-2-
expressing regions (Bang et al., 1997). Therefore, loss of
Pax-3 would not be expected when FGF signaling is blocked
in the ectoderm.
Results from this and other studies (Godsave et al., 1997;
Cox and Hemmati-Brivanlou, 1995; Lamb and Harland,
1995) strongly support a two-signal model for anterior–
posterior neural patterning (Nieuwkoop, 1952). The first
signal is a “neuralization” signal which originates from the
dorsal mesoderm and which induces the ectoderm to form
only anterior neural tissue (Nieuwkoop, 1952; reviewed by
Doniach, 1995; Wilson and Hemmati-Brivanlou, 1997). The
extent to which this signal spreads defines the neural plate
with the cement gland forming at the anterior limit. Nog-
gin, chordin, follistatin, and Xnr-3 are proposed candidates
for this signal because they are expressed in the organizer
and they can induce anterior neural tissue in animal caps
(Wilson and Hemmati-Brivanlou, 1997). The second “pos-
teriorizing” signal, which may consist of FGF, arises from
the posterior organizer and forms a gradient, with the
highest levels in more posterior regions and progressively
lower levels in anterior regions. It is the combination of
these two signals that determines anteroposterior neural
cell fates.
ACKNOWLEDGMENTS
We thank Keiji Itoh, Melinda Fan, Isabel Dominguez, Jeremy
Green, and Rick Elinson for critical reading of the manuscript and
for stimulating discussions during the course of this work. We are
grateful to E. Amaya, H. Sive, A. Hemmati-Brivanlou, D. Wilkin-
son, E. De Robertis, E. Boncinelli, R. Harland, and D. Kimelman for
providing reagents. We are also grateful to L. Gammill for suggest-
ing RT–PCR primer sequences for Xotx-2 and XAG-1. This work
was supported by grants from the NIH and the March of Dimes
Birth Defects Foundation to S.S. T.H. was supported by fellowships
from the International Human Frontiers Science Program and the
Easter Seal Research Institute of Ontario (Canada).
REFERENCES
Alvarez, I. S., Araujo, M., and Nieto, M. A. (1998). Neural induction
in whole chick embryo cultures by FGF. Dev. Biol. 199, 42–54.
Amaya, E., Musci, T. J., and Kirschner, M. W. (1991). Expression of
a dominant negative mutant of the FGF receptor disrupts meso-
derm formation in Xenopus embryos. Cell 66, 257–270.
Amaya, E., Stein, P. A., Musci, T. J., and Kirschner, M. W. (1993).
FGF signaling in the early specification of mesoderm in Xenopus.
Development 118, 477–487.
Bang, A. G., Papalopulu, N., Kintner, C., and Goulding, M. D.
(1997). Expression of Pax-3 is initiated in the early neural plate by
posteriorizing signals produced by the organizer and by posterior
non-axial mesoderm. Development 124, 2075–2085.
s of reproduction in any form reserved.
307FGF and Neural PatterningBlitz, I. L., and Cho, K. W. Y. (1995). Anterior neurectoderm is
progressively induced during gastrulation: The role of the Xeno-
pus homeobox gene orthodenticle. Development 121, 993–1004.
Blumberg, B., Bolado, J., Moreno, T. A., Kintner, C., Evans, R. M.,
and Papalopulu, N. (1997). An essential role for retinoid signaling
in anteroposterior neural patterning. Development 124, 373–379.
Bradley, L. C., Snape, A., Bhatt, S., and Wilkinson, D. G. (1992). The
structure and expression of the Xenopus Krox-20 gene: Con-
served and divergent patterns of expression in rhombomeres and
neural crest. Mech. Dev. 40, 73–84.
Chen, Y., Huang, L., and Solursh, M. (1994). A concentration
gradient of retinoids in the early Xenopus laevis embryo. Dev.
Biol. 161, 70–76.
Cho, K. W. Y., Blumberg, B., Steinbeisser, H., and De Robertis,
E. M. (1991). Molecular nature of Spemann’s organizer: The role
of the Xenopus homeobox gene goosecoid. Cell 67, 1111–1120.
Christian, J. L., and Moon, R. T. (1993). Interactions between
Xwnt-8 and Spemann organizer signaling pathways generate
dorsoventral pattern in the embryonic mesoderm of Xenopus.
Genes Dev. 7, 13–28.
Cox, W. G., and Hemmati-Brivanlou, A. (1995). Caudalization of
neural fate by tissue recombination and bFGF. Development 121,
4349–4358.
Creech Kraft, J. C., Schuh, T., Juchau, M., and Kimelman, D. (1994).
The retinoid X receptor ligand, 9-cis-retinoic acid, is a potential
regulator of early Xenopus development. Proc. Natl. Acad. Sci.
USA 91, 3067–3071.
Doniach, T., Phillips, C. R., and Gerhart, J. C. (1992). Planar
induction of anteroposterior pattern in the developing central
nervous system of Xenopus laevis. Science 257, 542–545.
Doniach, T. (1995). Basic FGF as an inducer of anteroposterior
neural pattern. Cell 83, 1067–1070.
Doniach, T., and Musci, T. J. (1995). Induction of anteroposterior
neural pattern in Xenopus: Evidence for a quantitative mecha-
nism. Mech. Dev. 53, 403–413.
Durston, A. J., Timmermans, J. P. M., Hage, W. J., Hendriks, H. F. J.,
de Vries, N. J., Jeideveld, M., and Nieuwkoop, P. D. (1989).
Retinoic acid causes an anteroposterior transformation in the
developing central nervous system. Nature 340, 140–144.
Ensini, M., Tsuchida, T. N., Belting, H. G., and Jessell, T. M. (1998).
The control of rostrocaudal pattern in the developing spinal cord:
Specification of motor neuron subtype identity is initiated by
signals from paraxial mesoderm. Development 125, 969–982.
Fredieu, J. R., Cui, Y., Maier, D., Danilchik, M. V., and Christian,
J. L. (1997). Xwnt-8 and lithium can act upon either dorsal
mesodermal or neurectodermal cells to cause a loss of forebrain
in Xenopus embryos. Dev. Biol. 186, 100–114.
Godsave, S. F., and Durston, A. J. (1997). Neural induction and
patterning in embryos deficient in FGF signaling. Int. J. Dev.
Biol. 41, 57–65.
Grunz, H., and Tacke, L. (1989). Neural differentiation of Xenopus
laevis ectoderm takes place after disaggregation and delayed
reaggregation without inducer. Cell Differ. Dev. 28, 211–217.
Hamburger, V. (1996). Differentiation potencies of isolated parts of
the urodele gastrula (by J. Holtfreter) [translated and edited by
Viktor Hamburger]. Dev. Dyn. 205, 223–244.
Hemmati-Brivanlou, A., Stewart, R. M., and Harland, R. M. (1990).
Region-specific neural induction of an engrailed protein by
anterior notochord in Xenopus. Science 250, 800–802.
Hemmati-Brivanlou, A., de la Torre, J. R., Holt, C., and Harland,
R. M. (1991). Cephalic expression and molecular characterization
of Xenopus En-2. Development 111, 715–724.
Copyright © 1999 by Academic Press. All rightHemmati-Brivanlou, A., Kelly, O. G., and Melton, D. A. (1994).
Follistatin, an antagonist of activin, is expressed in the Spemann
organizer and displays direct neuralizing activity. Cell 77, 283–
295.
Isaacs, H. V., Tannahill, D., and Slack, J. M. W. (1992). Expression
of a novel FGF in the Xenopus embryo. A new candidate inducing
factor for mesoderm formation and anteroposterior specification.
Development 114, 711–720.
Itoh, K., and Sokol, S. (1997). Graded amounts of Xenopus dishev-
elled specify discrete anteroposterior cell fates in prospective
ectoderm. Mech. Dev. 61, 113–125.
Keller, R. E. (1975). Vital dye mapping of the gastrula and neurula
of Xenopus laevis. I. Prospective areas and morphogenetic move-
ments of the superficial layer. Dev. Biol. 42, 222–241.
Keller, R. (1991). Early embryonic development of Xenopus laevis.
In “Methods in Cell Biology. Xenopus laevis: Practical Uses in
Cell and Molecular Biology” (B. K. Kay and H. B. Peng, Eds.), Vol.
36, pp. 61–113. Academic Press, San Diego.
Keller, R., Shih, J., and Sater, A. K. (1992). The cellular basis of
convergence and extension of the Xenopus neural plate. Dev.
Dyn. 193, 199–217.
Kengaku, M., and Okamoto, H. (1993). Basic fibroblast growth
factor induces differentiation of neural tube and neural crest
lineages of cultured ectoderm cells from Xenopus gastrula.
Development 119, 1067–1078.
Kengaku, M., and Okamoto, H. (1995). bFGF as a possible morpho-
gen for the anteroposterior axis of the central nervous system in
Xenopus. Development 121, 3121–3130.
Kimelman, D., Abraham, J. A., Haaparanta, T., Palisi, T. M., and
Kirschner, M. W. (1991). The presence of fibroblast growth factor
in the frog egg: Its role as a natural mesoderm inducer. Science
242, 1053–1056.
Knecht, A., Good, P. J., Dawid, I. B., and Harland, R. M. (1995).
Dorsal–ventral patterning and differentiation of noggin-induced
neural tissue in the absence of mesoderm. Development 121,
1927–1936.
Kroll, K. L., and Amaya, E. (1996). Transgenic Xenopus embryos
from sperm nuclear transplantations reveal FGF signaling re-
quirements during gastrulation. Development 122, 3173–3183.
Ku, M., and Melton, D. A. (1993). Xwnt-11: A maternally expressed
Xenopus wnt gene. Development 119, 1161–1173.
Lamb, T. M., Knecht, A. K., Smith, W. C., Stachel, S. E., Econo-
mides, A. N., Stahl, N., Yancopolous, G. D., and Harland, R. M.
(1993). Neural induction by the secreted polypeptide noggin.
Science 262, 713–718.
Lamb, T. M., and Harland, R. M. (1995). Fibroblast growth factor is
a direct neural inducer, which combined with noggin generates
anterior–posterior neural pattern. Development 121, 3627–3636.
Launay, C., Fromentoux, V., Shi, D.-L., and Boucaut, J.-C. (1996). A
truncated FGF receptor blocks neural induction by endogenous
Xenopus inducers. Development 122, 869–880.
Mangold, O. (1933). Uber die Induktionsfahigkeit der ver-
schiedenen Bezirke der Neurula von Urodelen. Naturwissen-
schaften 21, 761–766.
McGrew, L. L., Lai, C.-J., and Moon, R. T. (1995). Specification of
the antero-posterior neural axis through synergistic interaction
of the Wnt signaling cascade with noggin and follistatin. Dev.
Biol. 172, 337–342.
McGrew, L. L., Hoppler, S., Moon, R. T. (1997). Wnt and FGF
pathways cooperatively pattern anteroposterior neural ectoderm
in Xenopus. Mech. Dev. 69, 105–114.
s of reproduction in any form reserved.
SS
S
S
S
S
S
v
W
W
W
308 Holowacz and SokolNieuwkoop, P. D., Boterenbrood, E. C., Kremer, A., Bloesma,
F. F. S. N., Hoessels, E. L. M. J., Meyer, G., and Verheyen, F. J.
(1952). Activation and organization of the central nervous sys-
tem in amphibians. J. Exp. Zool. 120, 1–108.
Nieuwkoop, P. D., and Faber, P. (1967). “Normal Table of Xenopus
laevis.” North Holland, Amsterdam.
Pannese, M., Polo, C., Andreazzoli, M., Vignali, R., Kablar, B.,
Barsacchi, G., and Boncinelli, E. (1995). The Xenopus homologue
of Otx2 is a maternal homeobox gene that demarcates and
specifies anterior body regions. Development 121, 707–720.
Peng, H. B. (1991). Solutions and Protocols. In “Methods in Cell
Biology. Xenopus laevis: Practical Uses in Cell and Molecular
Biology” (B. K. Kay and H. B. Peng, Eds.), Vol. 36, pp. 659–669.
Academic Press, San Diego.
Pownall, M. E., Tucker, A. S., Slack, J. M. W., and Isaacs, H. V.
(1996). eFGF, Xcad3 and Hox genes form a molecular pathway
that establishes the anteroposterior axis in Xenopus. Develop-
ment 122, 3881–3892.
Poznansky, A., and Keller, R. (1997). The role of planar and early
vertical signaling in patterning the expression of Hoxb-1 in
Xenopus. Dev. Biol. 184, 351–366.
Sagerstrom, C. G., Grinblat, Y., and Sive, H. (1996). Anteroposte-
rior patterning in the zebrafish, Danio rerio: An explant assay
reveals inductive and suppressive cell interactions. Development
122, 1873–1883.
Saha, M. S., and Grainger, R. M. (1992). A labile period in the
determination of the anterior-posterior axis during early neural
development in Xenopus. Neuron 8, 1003–1014.
Sasai, Y., Lu, B., Steinbeisser, H., and De Robertis, E. M. (1995).
Regulation of neural induction by the Chd and Bmp-4 antagonis-
tic patterning signals in Xenopus. Nature 376, 333–336.
Sasai, Y., Lu, B., Piccolo, S., and De Robertis, E. M. (1996).
Endoderm induciton by the organizer-secreted factors chordin
and noggin Xenopus animals caps. EMBO J. 15, 4547–4555.
axen, L., and Toivonen, S. (1961). The two-gradient hypothesis of
primary neural induction. The combined effects of two types of
inductors mixed at different ratios. J. Embryol. Exp. Morphol. 9,
514–533.
elleck, M. A. J., and Stern, C. D. (1992). Commitment of meso-
derm cells in Hensen’s node of the chick embryo to notochord
and somite. Development 114, 403–415.
Copyright © 1999 by Academic Press. All rightharpe, C. R., and Gurdon, J. B. (1990). The induction of anterior
and posterior neural genes in Xenopus laevis. Development 109,
765–774.
ive, H. L., Hattori, K., and Weintraub, H. (1989). Progressive
determination during formation of the anteroposterior axis in
Xenopus laevis. Cell 58, 171–180.
ive, H. L., and Cheng, P. F. (1991). Retinoic acid perturbs the
expression of Xhox-lab genes and alters mesodermal determina-
tion in Xenopus laevis. Genes Dev. 5, 1321–1332.
ive, H. L., Grainger, R. M., and Harland, R. M. (1995). “Early
Development of Xenopus laevis,” course manual, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.
mith, J. C., Price, B. M. J., Green, J. B. A., Weigel, D., and
Herrmann, B. G. (1991). Expression of a Xenopus homolog of
Brachyury (T) is an immediate–early response to mesoderm
induction. Cell 67, 79–87.
Spemann, H., and Mangold, H. (1924). Uber Induction von Embry-
oanlagen durch Implantation artfremder Organisatoren. Arch.
Mikr. Anat. EntwMech. 100, 599–638.
Storey, K. G., Goriely, A., Sargent, C. M., Brown, J. M., Burns,
H. D., Abud, H. M., and Heath, J. K. (1998). Early posterior neural
tissue is induced by FGF in the chick embryo. Development 125,
473–484.
on Dassow, G., Schmidt, J. E., and Kimelman, D. (1993). Induction
of the Xenopus organizer: Expression and regulation of Xnot, a
novel FGF and activin-regulated homeobox gene. Genes Dev. 7,
355–366.
ilson, P. A., and Hemmati-Brivanlou, A. (1997). Vertebrate neural
induction: Inducers, inhibitors, and a new synthesis. Neuron 18,
699–710.
oo, K., and Fraser, S. E. (1997). Specification of the zebrafish
nervous system by nonaxial signals. Nature 277, 254–257.
right, C. V. E., Morita, E. A., Wilkin, D. J., and De Robertis, E. M.
(1990). The Xenopus XlHbox6 homeo protein, a marker of
posterior neural induction, is expressed in proliferating neurons.
Development 109, 225–234.
Received for publication June 11, 1998
Revised September 10, 1998
Accepted October 8, 1998
s of reproduction in any form reserved.
